A Damour-Solodukhin wormhole with a metric which is similar to a metric in a Schwarzschild spacetime seems to be a black-hole mimicker since it is difficult to distinguish the Damour-Solodukhin wormhole from the Schwarzschild black hole by practical astrophysical observations. In this paper, we investigate a center-of-mass energy for the collision of two particles in the Damour-Solodukhin wormhole spacetime. The center-of-mass energy for the head-on collision of the particles is large if the difference between the metric in the Damour-Solodukhin wormhole spacetime and the one in the Schwarzschild spacetime is small. Since the center-of-mass energy is equal to an upper limit of the total mass of products after the particle collision, a black hole might be formed near a throat and it might break down the Damour-Solodukhin wormhole. To deeply understand the high energy particle collision, we investigate a center-of-mass energy in a general, static, and spherically symmetric wormhole spacetime. We show that the center-of-mass energy of a head-on particle collision near a throat is high if the metric of the general wormhole spacetime is similar to the ones of black hole spacetimes. The high center-of-mass energy implies the general black-hole-like wormhole is unstable against the head-on particle collision.
I. INTRODUCTION
Black holes predicted in general relativity are accepted as common compact objects in astrophysics after the detections of gravitational waves from binary black hole systems reported by LIGO and VIRGO collaborations [1, 2] . The detection of the shadow of a supermassive black hole candidate in the center of a giant elliptical galaxy M87 has been reported by Event Horizon Telescope Collaboration [3] . The observed shadow is explained by the presence of the Kerr black hole solution, which is a vacuum solution of Einstein equations but it does not exclude the possibility of alternative compact objects with a similar metric to a black hole metric coincidently as discussed in Refs. [3] [4] [5] .
General relativity does not prohibit spacetimes with nontrivial topological structures such as traversable wormhole spacetimes [6, 7] which are known as the solution of the Einstein equations. Morris and Thorne have shown that the weak energy condition must be violated at the throat of any static and spherically symmetric traversable wormhole in general relativity [7] . One might consider that the wormholes must be prohibited because of the violation of the weak energy condition. However, we can make static and spherically symmetric wormhole solutions without the violation of the weak energy condition in alternative gravitational theories [8] .
Hunting of wormholes in nature can be one of interesting topics in general relativity and alternative gravitational theories to understand our Universe. The upper bound of the number density of wormholes in the Universe was investigated in Ref. [9] with gravitational lensing [10] [11] [12] . Observations of phenomena in strong gravitational fields with a high accuracy will help us to distinguish wormholes from black holes since the wormholes and black holes are characterized by a throat and an event horizon, respectively. Thus, the phenomena related with light rays passing through the wormhole throat in the strong gravitational field have been investigated eagerly such as visualizations [13, 14] , shadows [15] [16] [17] , deflection angles [18] , gravitational lensing [19] [20] [21] , and wave optics [22] .
Damour and Solodukhin considered a wormhole with a metric which is similar to the metric of the Schwarzschild black hole. They concluded that we cannot distinguish black holes from wormholes with practical and astrophysical observations on a limited time scale ∆t, which is a coordinate time, if a difference between the metrics of the black hole and the Damour-Solodukhin wormhole are small [4] . Recently, its accretion disk properties [23] , and gravitational lensing [24] [25] [26] in the Damour-Solodukhin wormhole spacetime have been investigated.
In 1975, Piran, Shaham, and Katz found that the center-of-mass of the rear-end collision of two particles can be arbitrarily high near an extremal Kerr black hole [27] . The particle collision is often called Bañados-Silk-West (BSW) mechanism or BSW collision since Bañados, Silk, and West rediscovered that in 2009 [28] . For the arbitrarily high center-ofmass energy, the conserved angular momentum of either of the particles must be fine tuned and the fine-tuned particle falls into the extremal Kerr black hole with an infinite proper time. After the rediscovery by Bañados, Silk, and West, the details of the rear-end particle collision have been investigated eagerly [29] .
Patil and Joshi have shown an arbitrarily high center-of-mass energy of a head-on particle collision in the over-spinning and near-extremal Kerr spacetime within a finite proper time of two particles [30] . Zaslavskii has generalized the head-on collision in the near extremal Kerr spacetime to a head-on collision with an arbitrarily large center-of-mass energy in a general (near) extremal spacetime [31] .
In this paper, we investigate the collisions of two particles in the Damour-Solodukhin wormhole spacetime. We show that the center-of-mass energy of a head-on collision at a throat is large if the metric of the wormhole spacetime is similar to the metric of the Schwarzschild spacetime. The center-of-mass energy gives an upper bound of the total mass of products after the particle collision. Therefore, the head-on collision of particles with the high center-of-mass energy might create a black hole at the throat and break down the Damour-Solodukhin wormhole. We also investigate a particle collision in a general, static, and spherically symmetric wormhole spacetime to understand the particle collision with a high center-of-mass energy deeply. 1 We consider the particle collision in a Reissner-Nordstrom black-hole-like wormhole, Krasnikov's wormhole [32] , and the Ellis wormhole spacetime [33, 34] as examples. We show that the center-of-mass energy of the head-on collision can be large when the metrics of the wormhole spacetimes are similar to the metrics of black hole spacetimes. This result implies that a black hole is formed near any black-hole-like wormhole after the particle collision and that the wormhole is unstable against the particle collision in general. This paper is organized as follows. In Sec. II, we investigate the particle collision in the Damour-Solodukhin wormhole spacetime. In Sec. III, we investigate the particle collision in a general, static, and spherically symmetric wormhole spacetime and we consider the particle collisions in the Reissner-Nordstrom black-hole-like wormhole, Krasnikov's wormhole, and Ellis wormhole spacetimes. In Sec. IV, we discuss and conclude our results. In appendix A, we consider a relation of the center-of-mass energy of the particle collision and the Ricci scalar in the wormhole spacetimes. In this paper we use the units in which a light speed and Newton's constant are unity.
II. DAMOUR-SOLODUKHIN WORMHOLE SPACETIME
In this section, we review a particle motion in the Damour-Solodukhin spacetime and we investigate the collision of two particles there. We also consider the collision of a particle with a circular motion at a throat and another particle.
A. particle motion
The metric of the Damour-Solodukhin wormhole spacetime [4] with the throat at r = r 0 ≡ 2M is given by
where f (r) is defined by f (r) ≡ 1 − 2M/r, M is a positive mass parameter, Λ is a small and positive parameter, and a radial coordinate r is defined in a range 2M ≤ r < ∞. There are the time-translational and axial Killing vectors t µ ∂ µ = ∂ t and φ µ ∂ µ = ∂ φ because of the stationarity and axisymmerty of the spacetime, respectively. We concentrate on a particle motion on an equatorial plane θ = π/2 in this paper.
A particle has a conserved energy E ≡ −g µν t µ p ν = −g tt p t = (f (r) + Λ 2 )p t , where p µ is the four-momentum of the particle, and a conserved angular momentum L ≡ g µν φ µ p ν = g φφ p φ = r 2 p φ . From the conserved energy E, the conserved angular momentum L and the four-momentum p µ = dx µ /dλ, where λ is a parameter along the world line of the particle, we obtain
where m is the mass of the particle, the equation of the radial motion of the particle is given by
where V (r) is an effective potential for the radial motion defined by
(2.5)
The particle can be in a region where the effective potential V (r) is non-positive. Note that the particle with E ≥ m √ 1 + Λ 2 can exist at a spacial infinity. From Eq. (2.4), we obtain
where σ is defined by σ = 1 (−1) for an outgoing (ingoing) particle.
The radial coordinate r is not defined well at the throat r = 2M [4] . In order to cover the wormhole spacetime globally we introduce a proper radial coordinate ρ defined by
in the range −∞ < ρ < ∞, 2 . Using the proper radial coordinate ρ, the line element (2.1)
is rewritten as
where f (ρ) is given by
The wormhole throat is located at ρ = 0. The equation of the radial motion is rewritten as
where v(ρ) is an effective potential for the radial motion in the radial coordinate ρ given by
and the particle can exist in a region where v(ρ) is non-positive. When Λ is small, the bump of the effective potential at the throat, which is given by v
is deep while the effective potential in the radial coordinate r at the throat is given by Under assumptions e ≥ √ 1 + Λ 2 , Λ 2 ≪ 1, and L = 0, we consider a coordinate time ∆t that a particle reaches to the throat at r = 0 from r = l > 2M. The coordinate time ∆t is obtained as
(2.12)
We also assume that the particle almost stops but moves slowly near the throat from the point of view of a distant observer, in other words, it is frozen there, and that the coordinate time ∆t is dominated not by l but by Λ. 3 Under the assumptions, the coordinate time ∆t is given by
(2.13)
In the black-hole limit Λ → 0, the coordinate time ∆t diverges. Equation (2.13) is rewritten
As Damour and Solodukhin assumed [4] , we assume that matters near the wormhole started to fall into a wormhole ∆t = 6 × 
The proper time does not diverge even in the black-hole limit Λ → 0.
3 From Eq. (2.13), we notice that a condition l ≪ ∆t ∼ −4M log Λ must be satisfied so that the coordinate time ∆t is dominated by Λ. 4 The mass M = 3 × 10 6 M ⊙ has been used in Ref. [4] while we use M = 6.5 × 10 9 M ⊙ which is the same mass as the mass of a supermassive black hole candidate in M87 [3] .
B. Center-of-mass energy of two particles
We consider that particles 1 and 2 collide at a point in the Damour-Solodukhin wormhole spacetime. The center-of-mass energy E cm (r) of the particles at the collisional point is given by
, and L i are p µ , m, E, σ, V (r), and L for particle i = 1 or 2, respectively. We set σ 1 σ 2 = −1 and 1 for a head-on collision and a rear-end collision, respectively. Using the effective potential v i (r) = v i (ρ(r)) for particle i = 1 or 2 in the proper radial coordinate ρ = ρ(r), the center-of-mass energy E cm (r) is expressed as
The center-of-mass energy of the collision is large when the relative velocity of the colliding particles is large [35] .
We assume that Λ is small and it satisfies Λ ≪ E 1 /m 1 , E 2 /m 2 , E 1 M/ |L 1 | 5 , and E 2 M/ |L 2 | in the rest of subsection II-B.
Head-on particle collision with σ
For a head-on collision, we set σ 1 σ 2 = −1. As we have shown in subsection II-A, the effective potential v(ρ) in the proper radial coordinate ρ has a deep depth at the throat. 5 When Λ ≪ EM/ |L| is satisfied, the third terms in the effective potentials V (r) (2.5) and v(ρ) (2.11) can be ignored.
The colliding particles have large velocities in a facing direction and the relative velocity is large. Thus, the center-of-mass energy of the collision of the head-on particles becomes large. The center-of-mass energy of the particles at the throat r = r 0 = 2M is given by
We consider a wormhole with a mass M = 6.5 × 10 9 M ⊙ and particles started to fall into the wormhole ∆t = 6 × 10 9 years ago. From observations, we would distinguish a wormhole with exp (−10 18 ) Λ ≪ 1 from a black hole with the same mass in principle. However, the wormhole might be broken after the head-on collisions of falling particles with the large center-of-mass energy 1 ≪ E cm / √ E 1 E 2 exp 10 18 .
Rear-end particle collision with σ
For a rear-end particle collision, we set σ 1 σ 2 = 1. In the rear-end particle case, the colliding particles have large velocities in a same direction and the relative velocity is small.
Thus, the center-of-mass energy of the collision of the rear-end particles becomes small. The center-of-mass energy of the rear-end collision at the throat r = r 0 = 2M is obtained as
and it is small unless m i , |L i | /M, E 1 /E 2 , or E 2 /E 1 are large. the circular orbit exists at the throat ρ = 0 for a particle with an fine-tuned angular momentum L = L c , where L c is given by
The second derivative of the effective potential v(ρ) with respective to ρ for the particle with a circular motion at the throat ρ = 0 with the conserved angular momentum L = L c is given by
In a case e ≥ √ 2, the circular orbit is stable
Here Λ ± are defined by
In the other case e < √ 2, the circular orbit is stable for 0 < Λ.
We have an interest in the wormhole with small Λ ≪ 1 and a marginal particle with e ∼ O(1). In this case, the circular orbit at the throat is stable and the absolute value of the conserved angular momentum of the particle |L| = |L c | ∼ 2ME Λ (2.24) must be large.
We consider that either of two particles rotates at the throat and the other particle falls into the throat and they collide there. The particle with the circular orbit does not move in the radial direction, i.e., ρ direction, and the other particle has a large velocity in the radial direction. Therefore, the relative velocity of the particles is large and the center-of-mass energy of the collision of the particles becomes large as given by [32] , and Ellis wormhole spacetime [33, 34] .
The line element in the general, static, and spherically symmetric wormhole spacetime is expressed by
where A(r) is a positive function and a wormhole throat exists at r = r 0 which satisfies 1/B(r 0 ) = 0. From a straight forward calculation, we get the center-of-mass energy E cm of two particles in a following form:
where the effective potential V i (r) for the radial motion of particle i = 1 or 2 in a radial coordinate r is given by
We notice that the center-of-mass energy E cm does not depend on B(r). Introducing a proper radial coordinate ρ given by
the center-of-mass energy E cm is expressed as
where v i (r) ≡ v i (ρ(r)) is the effective potential of particle i = 1 or 2 given by
for the motion in the ρ direction.
If A(r 0 ) ≪ E 1 /m 1 , E 2 /m 2 , E 1 r 0 / |L 1 |, and E 2 r 0 / |L 2 |, are satisfied, the center-of-mass energy of a head-on collision with σ 1 σ 2 = −1 at the throat r = r 0 is given by
7)
A. Reissner-Nordstrom black-hole-like wormhole
We consider a Reissner-Nordstrom black-hole-like wormhole with of the head-on collision at the throat r = r 0 is given by
We notice that the head-on collisions at the throat r = r 0 = M in a near extremal case with Q = ±M and with Λ ≪ 1 is an example of the collision of head-on particles in a general (near) extremal spacetime which has been investigated by Zaslavskii [31] . See Zaslavskii [31] for the details of the head-on collision in the near extremal case.
B. Krasnikov's wormhole metric [32] Krasnikov considered a black-hole-like wormhole as a particle accelerator with a high center-of-mass energy of a head-on collision of two particles [32] . The functions A(r) and B(r) are given by A(r) = e 2h(r) , (3.12)
where k ≫ 1 is a positive constant and the wormhole throat is at r = r 0 = 2M. Krasnikov considered the collision of head-on particles at the throat in a limit k → ∞. We notice that the wormhole becomes a black-hole-like wormhole in the limit k → ∞ because of A(r 0 ) → 0.
From Eq. (3.7) and A(r 0 ) → 0, the center-of-mass energy of the head-on particle collision in the black-hole limit k → ∞ could diverge. The particle collision with the high center-of-mass energy might destroy the black-hole-like wormhole with A(r 0 ) ≪ 1 and a black hole might be produced after the particle collision. Thus, the black-hole-like wormhole would work as the particle accelerator only once.
C. Ellis wormhole [33, 34] The Ellis wormhole filled with a phantom scalar field [33, 34] is the first and the simplest example of the Morris-Thorne wormhole [7] . The phenomena of the Ellis wormhole have been investigated such as the deflection angle of light [18, 19, [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , gravitational lensing [20, 21, 36, 43, 44, [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] , visualizations [13] , shadows [15] [16] [17] 62] , the quasi normal mode [63, 64] .
quantum metrology [65, 66] , the uniqueness [67] , a rotation curve and so on [68] because of its simplicity. The upper bound of the number density from observations [9] has been also obtained. Its instability [69] is known contrary to an earlier work [70] .
Wormholes with the same metric as the metric of the Ellis wormhole [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] have been investigated and a wormhole with electrically charged dust with negative energy density with the Ellis wormhole metric which is linearly stable under spherically symmetric and axial perturbations has been found [83] .
The Ellis wormhole metric has
where a is a positive constant and the throat is at r = r 0 = ±a. From Eq. (3.2) , The center-of-mass energy is given by
and it is not large when E 1 and E 2 are not large as discussed in Ref. [84] . If we use a proper radial distance ρ given by |ρ| = √ r 2 − a 2 , the line element is rewritten as 21) and the center-of-mass energy (3.20) is rewritten as (A3) and (A4) in Ref. [84] .
IV. DISCUSSION AND CONCLUSION
Damour and Solodukhin considered a wormhole with a metric which is similar to the one of the Schwarzschild spacetime [4] . We have shown that the center-of-mass energy for the head-on collision of two particles in the Damour-Solodukhin wormhole spacetime can be large. The center-of-mass energy is equal to an upper bound of the total mass of products after the particle collision. Thus, the collision of the particles might form a black hole near the throat and it might break down the wormhole.
We comment on differences between the collision of particles with the large center-of-mass energy in the Damour-Solodukhin wormhole spacetime and the BSW collision in an extremal black hole spacetime [28] . In the Damour-Solodukhin wormhole, the head-on particles with the large center-of-mass energy do not have a critical angular momentum and the particles reach into the throat in a finite proper time. On the other hand, the BSW collision is a rear-end collision between a particle with a critical conserved angular momentum and a particle with a non-critical conserved angular momentum near the extremal black hole. The particle with the critical angular momentum reaches into an extremal horizon in an infinite proper time.
For deep understanding of the particle collision with the high center-of-mass energy, we have generalized the center-of-mass energy in the Damour-Solodukhin wormhole spacetime to the one in a general, static, and spherically symmetric wormhole spacetime. We have shown that the center-of-mass energy of the head-on particle collision near the throat can be large if the (t, t)-component of the metric tensor is similar to the one of black hole spacetimes. Note that the head-on collision investigated in this paper is different from a head-on collision investigated by Zaslavskii [31] . This is because we concentrate on the head-on collision in non-extremal wormhole spacetimes while Zaslavskii has considered the head-on collision in a general (near) extremal spacetime [31] . 6 The high center-of-mass energy of the particle collision implies that a black hole is formed at the throat and that the general black-hole-like wormhole is unstable against the headon particle collision. The instability against the particle collision seems not to depend on matters supporting its throat and gravitational theories while stability of a wormhole against perturbations depends on both of them [83] . We hope that this paper stimulates researchers to study details of the instability of wormholes.
